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Abstract: In the conventional approach to observable n − n¯ oscillation through Pati-
Salam intermediate gauge symmetry in SO(10), the canonical seesaw mechanism is also
constrained by the symmetry breaking scale MR ∼MC ≤ 106GeV which yields light neu-
trino masses several orders larger than the neutrino oscillation data. A method to evade this
difficulty is through TeV scale gauged inverse seesaw mechanism which has been recently
exploited while predicting experimentally verifiable W±R , ZR bosons with a new dominant
contribution to neutrinoless double beta decay in theWL−WL channel and other observable
phenomena, but with proton lifetime far beyond the accessible limits. In the present work,
adopting the view that W±R may be heavy and currently inaccessible to accelerator tests,
we show how a class of non-supersymmetric SO(10) models allows a TeV scale Z ′ boson,
experimentally testable proton decay along with observable n − n¯ oscillation, and lepto-
quark gauge boson mediated rare kaon decays without resorting to additional fine-tuning
of parameters. The occurrence of Pati-Salam gauge symmetry with unbroken D-parity and
two gauge couplings at the highest intermediate scale guarantees precision unification with
vanishing GUT-threshold or gravitational corrections on sin2 θW (MZ) prediction in this
model. Predictions for neutrinoless double beta decay in the WL −WL channel is anal-
ysed in detail including light and heavy sterile neutrino exchange contributions by means
of normal and band plots and also by scattered plots while a new formula for half-life is
derived. Comparison with available data from various groups by normal and scattered
plots reveals how the existing experimental bounds are satisfied irrespective of the mass
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hierarchy in the light neutrino sector leading to the lower bound on the lightest sterile
neutrino mass, MˆS1 ≥ 18± 2.9GeV. The model also predicts branching ratios for charged
lepton flavor violation verifiable by ongoing search experiments. We also derive new renor-
malisation group equations constraining the lepto-quark gauge boson mass in the presence
of SU(2)L × U(1)R × U(1)B−L × SU(3)C symmetry, specific to the occurrence of extra Z ′
boson, leading to a new lower bound on the lepto-quark gauge boson mass mediating rare
kaon decay, MLQ ≥ (1.54±0.06) × 106GeV. We also discuss the symmetry breaking of
non-SUSY SO(10) through the well known flipped SU(5) × U˜(1) path and show, for the
first time, how TeV scale Z ′ is predicted with gauged inverse seesaw ansatz for neutrino
masses and substantial lepton flavor and lepton number violations. As a significant new
result along this path, we report a successful unification of the two gauge couplings of
SU(5)× U˜(1) into the single GUT coupling of SO(10).
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Although the standard model (SM) of strong, weak, and electromagnetic interactions has
unravelled the gauge origin of fundamental forces and the structure of the universe while
successfully confronting numerous experimental tests, it has a number of limitations. Ex-
perimental evidences of tiny neutrino masses compared to their charged lepton counterparts
also raises the fundamental issue on the origin of these masses as well as the nature of neu-
trinos: whether Dirac [1] or Majorana [2]- a question whose answer rests on the detection
and confirmation of 0νββ decay process on which there are a number of ongoing exper-
iments [3–11]. While direct measurement of neutrino mass by KATRIN experiment is
expected to probe mν1 ≃ 0.2 eV [12], quasi-degeneracy of neutrino masses are constrained
from PLANCK satellite data on the sum of three active neutrino masses [13]. The SM
predicts lepton flavor violating (LFV) decays many orders smaller than the current ex-
perimental limits which appear to be compatible via supersymmetric theories. Thus, in
the absence of supersymmetry so far, it is important to explore non-supersymmetric (non-
SUSY) extensions of the SM with sizeable LFV decay branching ratios.
Several limitations of the SM are removed when it is embedded in a popular grand
unified theory (GUT) like SO(10) which has potentialities to achieve precision unification
of the three forces, accommodate tiny neutrino masses through various seesaw mecha-
nisms [14–20], provide spontaneous origins of Parity and CP-violations [21–25], and a
host of other interesting physical phenomena. Even without any additional flavor sym-
metry, the model succeeds in representing all fermion masses of three generations while
observable baryon number violating processes are generic among its predictions of new
physics beyond the SM. Apart from proton decay, theoretical models have been pro-
posed for experimentally observable signature of the other baryon number violating pro-
cess such as n − n¯ and H − H¯ oscillations, and double proton decay through GUTs out
of which n − n¯ oscillation has attracted considerable interest. While in most of the con-
ventional models [25–27, 36, 37], the intermediate breaking of Pati-Salam gauge symmetry
SU(2)L × SU(2)R × SU(4)C(≡ G224) has been exploited at µ = MC ∼ 106GeV, in a very
interesting recent development it has been proposed [29–31] to realize the process even if
the symmetry breaks near the GUT scale such that the SM gauge symmetry rules all the
way down to the electroweak scale. In this model the diquark Higgs mediating the oscil-
lation process are tuned to have masses at the desired intermediate scale or lower. The
model also explains the observed baryon asymmetry of the universe by a novel mechanism.
Prediction of |∆(B − L)| 6= 0 proton decay mode is another special attractive feature of
this model. The neutrino masses and mixings in these models are governed by high scale
canonical or type-II seesaw mechanisms with B − L gauge symmetry breaking occurring
near the GUT-scale.
We consider worth while to pursue the conventional approach mainly because, even
without resorting to additional fine tuning of parameters, we are interested in associating
most of the relevant physical mass scales with the spontaneous breakings of respective
intermediate gauge symmetries. A non-standard extra Z ′ boson which is under experi-

















an extension is through Pati-Salam symmetry at higher scale, the model has the inter-
esting possibility of accommodating observable n − n¯ oscillation and rare kaon decays.
If Pati-Salam symmetry in turn emerges from a GUT scenario like SO(10), it provides
interesting possibilities of gauge coupling unification and GUT-scale representation of all
charged fermion masses with the prediction of Dirac neutrino mass matrix. If one fermion
singlet per generation is added to the SO(10) frame work, it has the interesting possibility
of explaining light neutrino masses and mixings by experimentally verifiable gauged inverse
seesaw mechanism. Whereas the non-supersymmetric SM as such predicts negligible con-
tributions to charged LFV decays, the TeV scale inverse seesaw mechanism predicts LFV
branching ratios only 4−5 order smaller than the current experimental limits. Embedding
such a mechanism through heavier right-handed neutrinos provides further interesting re-
alisation of additional new dominant contributions to neutrino-less double-beta decay in
the WL − WL channel through the exchanges of sterile neutrinos which turn out to be
Majorana fermions in the model. In this work we attempt to revive the conventional
approach [34–37] but by evading the light neutrino mass constraint through inverse see-
saw formula gauged by the TeV scale symmetry SU(2)L × U(1)R × U(1)B−L × SU(3)C
manifesting in an extra Z ′ boson which might be detected by ongoing search experiments
at the Large Hadron Collider, a strategy which has been adopted recently in non-SUSY
SO(10) GUT [39, 71]. Low energy signature of lepto-quark gauge bosons is also predicted
through rare kaon decay KL → µe¯ with branching ratios close to the current experimental
limit [38]. Once the experimentally testable gauged inverse seesaw mechanism is made
operative, the model is found to predict a number of new physical quantities to be verified
by ongoing search experiments at low and accelerator energies. They include (i) dominant
contribution to 0νββ rate in the WL−WL channel due to heavy sterile neutrino exchanges
leading to the lower bound on the lightest sterile neutrino mass MˆS1 ≥ 18.0 ± 2.9GeV,
(ii) unitarity-violating contributions to branching ratios for LFV decays, (iii) leptonic CP-
violation due to non-unitarity effects, (iv) experimentally verifiable |∆(B−L)| = 0 proton
decay modes such as p→ e+π0 (v) lepto-quark gauge-boson mediated rare kaon decay with
Br.(KL → µe¯) ≃ 10−12, and (vi) observable n − n¯-oscillation mixing time 108 − 1013 sec
with the possibility of a diquark Higgs scalar at the TeV scale.
The quark-lepton symmetric origin of the Dirac neutrino mass matrix (MD) is found
to play a crucial role in enhancing the effective mass parameter for 0νββ decay. We also
briefly discuss how a constrained (unconstrained) value of the RH neutrino mass matrix
emerges from the SO(10) structure with one 126 (two 126’s) from the GUT-scale fit to
charged fermion masses.
Although some of the results of the present work were also derived in a recent work [39],
the model required the asymmetric left-right gauge symmetry at ≃ 10TeV leading to the
prediction ofW±R , ZR gauge bosons at LHC energies. In the present SO(10) model, we show
that even though only a TeV scale Z ′ boson [42–47] is detected at the LHC, a number of
these observable predictions are still applicable even if theW±R boson masses are beyond the
currently accessible LHC limit. In contrast to the earlier model, in the present work we pre-
dict proton lifetime to be accessible to ongoing search experiments. The symmetry breaking

















gauge symmetry at the highest intermediate scale (MP ) which eliminates the possible pres-
ence of triangular geometry of gauge couplings around the GUT scale. This in turn deter-
mines the unification mass precisely, at the meeting point of two gauge coupling constant
lines. In contrast to near Planck scale unification of ref. [39] in this work we obtain MU =
1015.95GeV in the minimal model, but MU = 10
15.5GeV in the bi-triplet-extended non-
minimal model. The other advantage of this symmetry is that it pushes most of the larger-
sized submultiplets down to the parity restoring intermediate scale reducing the size of
GUT-threshold effects on the unification scale and proton lifetime while the GUT-threshold
effects on sin2 θW or MP have exactly vanishing contribution [53, 54, 57]. This advantage
is utilised to estimate GUT-threshold effect on proton lifetime which brings the minimal
model prediction closer to planned search limits whereas the prediction with a lighter bi-
triplet is found to be already close to the Super K. limit even without GUT threshold effects.
In the case of 0νββ decay we analyse the existing data [7–10] on half-life or effective
mass parameter using combined contributions of light and sterile neutrino exchanges in the
WL −WL channel. We derive a new formula for half-life in terms of heavy sterile neutrino
masses and provide line plots, band plots, and scattered plots including light neutrino
masses of different hierarchies: NH, IH, Planck1, or QD type. Available experimental
data including the Hiedelberg-Moscow values are found to be in agreement with the model
predictions irrespective of the light neutrino mass hierachies leading to the lower bond on
the lightest sterile neutrino mass MˆS1 > 18.0± 2.9 GeV. Because of opposite signs of the
light and sterile neutrino contributions, cancellation in the combined effective mass or half
life is noted to occur when all Majorana phases are neglected for larger (smaller) values of
the exchanged sterile neutrino mass MˆS1 when the light neutrino mass is smaller (larger).
These results and bounds on the mass of MˆS1 derived here are also applicable to the model
of ref. [39] for large WR boson masses.
We have also investigated the non-SUSY SO(10) symmetry breaking through the
flipped SU(5) × U˜(1) path whose importance has been revived recently [117] in the con-
text of Witten mechanism [116] for radiative generation of RH neutrino masses. As a new
realization along this path, we show for the first time how the two gauge couplings of the
SU(5)×U˜(1) gauge symmetry are successfully merged into the SO(10) gauge coupling at the
GUT scale although in this case additional fine-tuning has to be adopted to make certain
scalar degrees of freedom substantially lighter than the GUT scale. We find possibilities
of TeV scale Z ′, gauged inverse seesaw mechanism for light neutrino masses, and predic-
tions on experimentally testable 0νββ decay through heavy sterile neutrino exchanges in
the WL −WL channel. The lower bound on the lightest sterile neutrino mass obtained
along the Pati-Salam path is also applicable in this case although this model has negligible
contribution to n − n¯ oscillation. This path is also found to possess a rich structure for
varieties of charged lepton flavor violations.
This paper is organized in the following manner. In section 2 we discuss the specific
SO(10) symmetry breaking chain and study predictions of different physically relevant mass
scales emerging as solutions to renormalization group equations. In section 3 we discuss
predictions of proton lifetime accessible to ongoing search experiments. Lower bound on the

















times for n − n¯ oscillation are also predicted. In section 5 we discuss the derivation of
Dirac neutrino mass matrix from GUT-scale fit to the charged fermion masses where,
in a minimal SO(10) structure, we also show how the model predicts the RH neutrino
mass eigenvalues which can be detected at the LHC. Fits to the neutrino oscillation data
are discussed in section 6. In section 7 we discuss the model estimations of LFV decay
branching ratios and CP-violating parameter due to non-unitarity effects. In section 8 we
obtain the model estimations on the dominant contributions to 0νββ process and study
variation of half-life as a function of sterile neutrino masses. The symmetry breaking
through flipped SU(5)× U˜(1) path predicting TeV scale Z ′ has been discussed in section 9.
The LFV and LNV in flipped SU(5)× U˜(1) model are discussed in section 10. The paper is
summarized with conclusions in section 11. In the appendix we derive analytic formulas for
GUT threshold effects on ln(MP /MZ) and ln(MU/MZ). Scalar multiplets and the gauge
running beta coefficients upto two loops for SO(10) symmetry breaking path through Pati-
Salam symmetry are also tabulated at the end of appendix.
2 Precision gauge coupling unification and mass scales in SO(10)
In the conventional approach to gauge coupling unification, usually the semi simple gauge
symmetry to which the GUT gauge theory breaks is a product of three or four indi-
vidual groups. As a result the symmetry below the GUT scale involves three or four
gauge couplings. The most popular of such examples is SO(10) → GI where GI =
SU(2)L × U(1)Y × SU(3)C which has three different gauge couplings, gY , g2L and g3C ,
whose renormalization group (RG) evolution creates a triangular region around the pro-
jected unification scale making the determination of the scale more or less uncertain. Even
though the region of uncertainty is reduced in the presence of intermediate scales, it exists
in principle when, for example, GI = SU(2)L×SU(2)R×U(1)B−L×SU(3)C(≡ G2213), that
included three or four gauge couplings.1
Only in the case when GI = SU(2)L×SU(2)R×SU(4)C×D, the Pati-Salam symmetry
with LR discrete symmetry [22] (≡ D-Parity) [34, 35], there are two gauge couplings g2L =
g2R and g4C , and the meeting point of the two RG-evolved coupling lines determines the
unification point exactly. As against the apprehended futility in precision SO(10) grand
unification [52], several interesting consequences of this intermediate symmetry have been
derived earlier including vanishing corrections to GUT-threshold effects on sin2 θW and the
intermediate scale [53, 54, 57, 58]. We find this symmetry to be essentially required at the
highest intermediate scale in the present model to guarantee several observable phenomena
as SO(10) model predictions while safeguarding precision unification.
We consider the symmetry breaking chain of non-SUSY SO(10) GUT which gives a
rich structure of new physics beyond the SM provided the Pati-Salam symmetry occurs as
an intermediate symmetry twice: once between the high parity breaking scale (MP ) and
the GUT scale (MU ) and, for the second time, without parity between the SU(4)C breaking
1Very recently unification of gauge couplings with direct breaking to TeV scale G2213 has been imple-
mented by utilising a number of light scalar degrees of freedom [123] which may be permitted by resorting

















scale (MC) and MP
SO(10)
MU→ SU(2)L × SU(2)R × SU(4)C ×D [G224D, g2L = g2R]
MP→ SU(2)L × SU(2)R × SU(4)C [G224, g2L 6= g2R]
MC→ SU(2)L ×U(1)R ×U(1)(B−L) × SU(3)C [G2113]
MR→ SU(2)L ×U(1)Y × SU(3)C [GSM]
mW→ U(1)em × SU(3)C [G13] .
The first step of spontaneous symmetry breaking is implemented by giving GUT scale
VEV to the D-Parity even Pati-Salam singlet contained in 54H ⊂ SO(10) leading to the left-
right symmetric gauge group G224D with the equality in the corresponding gauge couplings
g2L = g2R. The second step of breaking occurs by assigning Parity breaking VEV to the
D-Parity odd singlet η(1, 1, 1) ⊂ 210H [34, 35] resulting in the LR asymmetric gauge theory
G224(g2L 6= g2R). The third step of breaking to gauge symmetry G2113 is implemented by
assigning VEV of order MC ∼ 105 − 106GeV to the neutral component of the G224 sub-
multiplet (1, 3, 15) ⊂ 210H . This technique of symmetry breaking to examine the feasibility
of observable n− n¯ through the type of intermediate breaking G224 → G2113 was proposed
at a time when neither the neutrino oscillation data, nor the precision CERN-LEP data
were available [35–37]. The gauge symmetry G2113 that is found to survive down to the TeV
scale is broken to the SM by the sub-multiplet ∆R(3, 1, 1¯0) ⊂ 126H leading to the low-mass
extra Z ′ boson accessible to LHC. At this stage RH Majorana mass matrix MN = f 〈∆0R〉
is generated through the Higgs Yukawa interaction. The last step of breaking occurs as
usual through the VEV of the SM doublet contained in the sub-multiplet φ(2, 2, 1) ⊂ 10H .
The VEV of the neutral component of RH Higgs doublet χR(1, 2, 4) under G224 symmetry
contained in 16H ⊂ SO(10) is used to generate the N − S mixing mass term needed for
extended seesaw mechanism. For the sake of fermion mass fit at the GUT-scale we utilize
two Higgs doublets for µ ≥ 5TeV. Out of these two, the up type doublet φu ⊂ 10H1
contributes to Dirac masses for up quarks and neutrinos, and the down type doublet
φd ⊂ 10H2 contributes to masses of down type quarks and charged leptons. We will see
later in this work how the induced VEV of the sub-multiplet ξ(2, 2, 15) ⊂ 126H [39, 85]
naturally available in this model plays a crucial role in splitting quark and lepton masses
at the GUT scale and determining the value of MD. In one interesting scenario, the GUT
scale fit to fermion masses and mixings results in the diagonal structure of RH neutrino
mass matrix near the TeV scale which is accessible for verification at LHC energies.
Using extended survival hypothesis [26, 28] the Higgs scalars responsible for sponta-
neous symmetry breaking and their contributions to β−function coefficients up to two-loop
order are given in table 6 of appendix A. One set of allowed solutions for mass scales and
GUT-scale fine-structure constant is
M0R = 5TeV, M∆ =MC = 10
5.5 − 106.5GeV, MP = 1013.45GeV,
MU = 10



























































Figure 1. Gauge coupling unification including ξ(2, 2, 15).
where M∆ represents the degenerate mass of diquark Higgs scalars contained in
∆R(1, 3, 1¯0) ⊂ 126H .
The renormalization group evolution of gauge couplings is shown in figure 1 exhibiting
precision unification.
We have noted that when M∆ < MC , there is a small decrease in the unification scale
that is capable of reducing the proton lifetime predictions by a factor 3− 5. One example
of this solution is,
M0R = 5TeV, M∆ = 10
4GeV, MC = 10
6GeV, MP = 10
12.75GeV,
MU = 10
15.92GeV, αG = 0.0429. (2.2)
It is interesting to note that the present LHC bound on the diquark Higgs scalar mass [86] is
(M∆)expt. ≥ 3.75TeV. (2.3)
As discussed in the context of n − n¯ oscillation in section 4, our model accommodates a
TeV scale diquark with observable mixing time. But substantial decrease in the unification
scale and the corresponding decrease in proton lifetime is possible when the bi-triplet Higgs
scalar ΘH(3, 3, 1) ⊂ 54H is lighter than the GUT scale by a factor ranging from 115 − 125 .
These solutions are discussed in the following section.
3 Low mass Z′ and proton decay
3.1 Low-mass Z′ boson
In the solutions of RGEs with precision unification, we have found that g(B−L) = 0.72−0.75

















mass of the Z ′ boson in the range
MZ′ = 1.75− 6.1TeV, (3.1)
whereas the current experimental bound from LHC is (MZ′)expt. ≥ 2.5TeV. Thus, if such a
Z ′ boson in the predicted mass range of the present model exists, it is likely to be discovered
by the ongoing searches at the LHC.
3.2 Proton lifetime for p→ e+pi0
3.2.1 Predictions at two-loop level
The formula for the inverse of proton-decay width [87–89] is










|AL|2|α¯H |2(1 +D + F )2 ×R , (3.2)
where R = [(A2SR+A
2
SL)(1+|Vud|2)2] for SO(10), Vud = 0.974 = the (1, 1) element of VCKM
for quark mixings, ASL(ASR) is the short-distance renormalization factor in the left (right)
sectors and AL = 1.25 = long distance renormalization factor. MU = degenerate mass of
24 superheavy gauge bosons in SO(10), α¯H = hadronic matrix element, mp = proton mass
= 938.3MeV, fπ = pion decay constant = 139MeV, and the chiral Lagrangian parameters
areD = 0.81 and F = 0.47. Here αH = α¯H(1+D+F ) = 0.012GeV
3 is obtained from lattice
gauge theory computations. In our model, the product of the short distance with the long
distance renormalization factor AL = 1.25 turns out to be AR ≃ ALASL ≃ ALASR ≃ 3.20.
Then using the the two-loop value of the unification scale and the GUT coupling from
eq. (2.1) gives
τp(p→ e+π0) ≃ 5.05× 1035yrs (3.3)
whereas the solution of RGEs corresponding to eq. (2.2) gives
τp(p→ e+π0) ≃ 1.05× 1035yrs . (3.4)
For comparison we note the current experimental search limit from Super-Kamiokande
is [90, 97–99]
(τp)SuperK. ≥ 1.4× 1034yrs . (3.5)
A second generation underground water cherenkov detector being planned at Hyper-
Kamiokande in Japan is expected to probe higher limits through its 5.6 Megaton year
exposure leading to the partial lifetime [99]
(τp)HyperK. ≥ 1.3× 1035yrs . (3.6)
Thus our model prediction in eq. (3.4) barely within the planned Hyper-K limit although
the prediction in eq. (3.3) nearly 4 times larger than this limit.
If the proton decay is observed closer to the current or planned experimental limits,
it would vindicate the long standing fundamental hypothesis of grand unification. On the
other hand proton may be much more stable and its lifetime may not be accessible even



























































Figure 2. Same as figure 1 but with the Higgs scalar bi-triplet of mass 9× 1013GeV.
3.2.2 GUT scale and proton life-time reduction through bi-triplet scalar
We note that the present estimation of the GUT scale can be significantly lowered so as
to bring the proton-lifetime prediction closer to the current Super-K. limit if the the Higgs
scalar bi-triplet ΘH(3, 3, 1) ⊂ 54H of SO(10) is near the Parity violating intermediate
scale. For example in figure 2, we have shown how in this model only the unification scale
is lowered while keeping the other physical mass scales unchanged as in eq. (2.1) for a value
of M331 = 9× 1013GeV.
In table 1 we have presented various allowed values of the GUT scale and the proton
life-time for different combinations of the diquark Higgs scalar masses M∆ contained in
∆R(1, 3, 1¯0) ⊂ 126H which mediate n − n¯ oscillation process. Even for a bi-triplet mass
MU/15 we note a reduced value of the unification scale at MU = 10
15.63GeV and the
corresponding proton lifetime at τP = 4.6× 1033 yrs when M∆ ∼ 104GeV. The estimated
lifetimes without including the GUT-threshold effects is found to be in the range τP =
4.6 × 1033 yrs to 2.1 × 1035 yrs, most of which are between the Super-K and the Hyper-
K limits.
An important source of uncertainty on τP in GUTs is known to be due to GUT-
threshold effects as illustrated in the following sub-section.
3.2.3 Estimation of GUT-threshold effects
That there could be significant threshold effects on the unification scale arising out of heavy
and super-heavy particle masses was pointed out especially in the context of grand desert

















M∆ (GeV) MP (GeV) M(3,3,1) (GeV) MU (GeV) α
−1
G τp(years)
104.0 1012.73 1014.00 1015.57 22.37 4.65× 1033
104.0 1012.73 1014.50 1015.66 22.08 1.03× 1034
104.0 1012.73 1015.00 1015.75 21.79 2.32× 1034
104.0 1012.73 1015.92 1015.92 21.22 1.05× 1035
104.5 1012.89 1014.00 1015.60 23.16 6.58× 1033
104.5 1012.89 1014.50 1015.69 22.88 1.47× 1034
104.5 1012.89 1015.50 1015.87 22.19 7.26× 1034
104.5 1012.89 1015.95 1015.95 22.01 1.49× 1035
105.0 1013.05 1014.00 1015.62 23.94 8.45× 1033
105.0 1013.05 1014.50 1015.71 23.66 1.89× 1034
105.0 1013.05 1015.50 1015.89 23.08 9.44× 1034
105.0 1013.05 1015.98 1015.98 22.79 2.11× 1035
Table 1. Predictions on lifetime for the decay p→ e+π0 with lower values of masses of the bi-triplet
and the diquark Higgs scalars.
In order to examine how closer to or farther from the current experimental bound our
model predictions could be, we have estimated the major source of uncertainty on proton
lifetime due to GUT threshold effects in SO(10) with intermediate scales [58, 59] taking into
account the contributions of the superheavy (SH) components in 54H , 126H , 210H , 10H1 and
10H2 in the case of the minimal model
210H ⊃ Σ1(2, 2, 10) + Σ2(2, 2, 10) + Σ3(2, 2, 6) + Σ4(1, 1, 15),
54H ⊃ S1(1, 1, 20 + S2(3.3, 1) + S3(2, 2, 6),
126H ⊃ ∆1(1, 1, 6), 10Hi ⊃ Hi(1, 1, 6), i = 1, 2, (3.7)
where the quantum numbers on the r.h.s. are under the gauge group G224 and the com-
ponents have superheavy masses around the GUT scale. It was shown in refs. [53, 54, 57]
that when G224D occurs as intermediate symmetry, all loop corrections due to superheavy
masses mSH ≥MP cancels out from the predictions of sin2 θW and also from MP obtained
as solutions of RGEs for gauge couplings while the GUT threshold effect on the unifica-
tion scale due to the superheavy scalar masses assumes an analytically simple form. As
outlined in the appendix, even in the presence of two more intermediate symmetries below









































2 and bSHi = tr(θ
SH
i )
2 where θVi (θ
SH
i ) are generators of the gauge group G224D
in the representations of superheavy gauge bosons (Higgs scalars). The one-loop coefficients
for various SH components in eq. (3.7) contributing to threshold effects are [58]
bV2L = b
V
2R = 6, b
V
4C = 4, b
Σ4
i = (0, 0, 4)
bΣ1i = b
Σ2




i = (6, 6, 4),
bS1i = (0, 0, 16), b
S2




i = (0, 0, 2), (3.10)
where we have projected out the would-be Goldstone components from S3 leading to
λU2L − λU4C = 2− 6η210 − 2η54 − 2η126 − 4η10, (3.11)
with ηX = ln(MX/MU ), and we have made the plausible assumption that all SH scalars
belonging to a particular SO(10) representation have a common mass such as M210 =
MΣi(i = 1 − 4) for 210H and so on for other representations [59]. Utilising the model
coefficients a′′′2L = 44/3 and a
′′′




(0.25 ln η)/2.3025 (3.12)
where η = 10(1/10) depending upon our assumption that SH components are 10(1/10)
times heavier(lighter) than the GUT scale. By applying these GUT-threshold effects to
the solutions of RGE in eq. (2.2), we obtain
MU = 10
15.92±0.25GeV,
τp(p→ e+π0) ≃ 5.05× 1035±1.0±0.34yrs (3.13)
where the first uncertainty is due to GUT threshold effects, and the second uncertainty,
derived in appendix, is due to the 1σ level uncertainties in the experimental values of
sin2 θW (MZ) and αS(MZ). It is clear from eq. (3.13) that our prediction covers wider
range of values in proton lifetime prediction including those few times larger than the
current Super-K. limit.
Similarly each of the numerical values in the last column of table 1 is modified by this
additional uncertainty factor of 10±1±0.32 in the estimated lifetimes.
4 Rare kaon decay and n− n¯ oscillation
In this section we discuss the model predictions on rare kaon decays mediated by lepto-
quark gauge bosons of SU(4)C that occurs as a part of Pati-Salam intermediate gauge
symmetry SU(2)L × SU(2)R × SU(4)C which undergoes spontaneous symmetry breaking
at the mass scale µ = M+R = MC to G2113 which in turn breaks to SM generating the
TeV scale Z ′ boson. The lepto-quark Higgs scalar contribution to the rare decay process is


























Figure 3. Feynman diagram for rare kaon decays K0L → µ±e∓ mediated by a heavy lepto-quark
gauge boson of SU(4)C gauge symmetry.
4.1 Rare kaon decay KL → µe¯
Earlier several attempts have been made to derive lower bound on the lepto-quark gauge
boson mass [22, 91–93]. In this sub-section using the symmetry breaking G224 → G2113 →
SM consistent with an observable Z ′ boson and the improved bound on the rare kaon
decay branching ratio [38], we update the existing lower bound on the SU(4)C-leptoquark
gauge boson mass which was estimated [93] using the direct breaking G224 → SM and
then existing experimental upper bound on the branching ratio [94]
Br. (KL → µe¯)expt. ≡
Γ (KL → µ±e∓)
Γ (KL → all) < 10
−10.28 . (4.1)
This measurement which was improved later by one order by BNL collaboration gives [38]
Br. (KL → µe¯)expt. < 4.7× 10−12. (4.2)
While all earlier derivations were made assuming direct breaking of Pati-Salam model to
the SM, in this work we include the intermediate breaking G2113 symmetry corresponding
to the presence of TeV scale Z ′ boson. Thus our renormalization group equations are
different and numerical value arrived is much more precise. While the central value of the
bound is nearly two times larger, its uncertainty is drastically reduced compared to the
earlier results. We have further noted that if G2113 symmetry is replaced by G2213 as in
the model of [39], the results are not significantly affected.
The leptoquark gauge bosons of SU(4)C in the adjoint representation (1, 1, 15) under
G224 mediate rare kaon decayKL → µ±e∓ whose Feynman diagram is shown in the figure 3.
Analytic formulas for the corresponding branching ratio is [92, 93],








where the factor R includes renormalization effects on the quark masses md or ms from








































































Here the input parameters used in above eq. (4.5) are: Ci1=(0, 0, 1/4, 8), C
i
2=(0,−1/5, 8)
and the one-loop beta-coefficients relevant for our present work are a
(1)
i =
(−3, 57/12, 37/8,−7), a(2)i = (−19/6, 41/10,−7), a(3)i = (−23/6, 103/30,−23/3), a(4) =

























































In figure 4 the function FL(MC ,M
0
R) in the l.h.s. of eq. (4.7) is plotted against MC for
a fixed value of M0R = 5TeV, where the Horizontal lines represent the r.h.s. of the same
equation including uncertainties in the parameters. Thus, for the purpose of this numerical
estimation, keeping M0R fixed at any value between 5− 10TeV, we vary MC until the l.h.s.
of eq. (4.7) equals its r.h.s. .
For our computation at µ0 = 1GeV, we use the inputs mK = 0.4976GeV, md =
4.8+0.7−0.3MeV, ms = 95 ± 5MeV, mµ = 105.658MeV, GF = 1.166 × 10−5GeV−2, and
sin θC = 0.2254 ± 0.0007, mb = 4.18± 0.03GeV, mc = 1.275 ± 0.025GeV, mt = 172GeV.
At µ =MZ we have used sin






























Figure 4. Graphical representation of the method for numerical solution of the lower bound on
MC . The horizontal lines are the r.h.s. of the inequality (4.7) whereas the curve represents the
l.h.s. . The colored horizontal bands are due to uncertainties in the input parameters.
and utilized eq. (4.2)−eq. (4.8). With MR0 = 5TeV and MZ′ ≃ 1.2TeV, the existing ex-





Noting from figure 1 that in our model αS(MC) = 0.0505, we get from eq. (4.9) as rare-kaon




where the uncertainty is due to the the existing uncertainties in the input parameters.
From the derived solutions to RGEs for gauge couplings this lower bound on the lepto-
quark gauge boson mass is easily accommodated in our model. The new results obtained in
this analysis is compared to the earlier results including those in refs. [22, 91–93] as shown
in table 2.
4.2 Neutron-antineutron oscillation
Here we discuss the prospect of this model predictions for experimentally observable n− n¯
oscillation while satisfying the rare-kaon decay constraint by fixing the G224 symmetry
breaking scale at MC ∼ 2 × 106GeV as derived in eq. (4.9). The Feynman diagrams for
the n − n¯ oscillation processes are shown in left- and right-panel of figure 5 where ∆ucuc ,

















Input Sym. Breaking and Derived Bound on Ref.





2 G224 → SM > 3× 104 Pati, Salam [22]
Tree level
Br.(KL → µe¯) G224 → SM > 3.1g4c × 105 Dimopoulos,
< 6.25× 10−10 Tree level Raby, Kane [91]
Br.(KL → µe¯) G224 → SM > 3.5× 105 Deshpande,
< 7.6× 10−10 Only QCD Johnson [92]
Br.(KL → µe¯) G224 or G214 → SM > 9.06+2.41−1.98 × 105 Parida,
< 10−10.28 QCD and EW Purkayastha [93]
Br.(KL → µe¯) G224 → G2113 → SM > (1.539+0.065−0.059)× 106 This analysis
< 4.7× 10−12 QCD and EW
Table 2. Predictions of upper bounds on the lepto-quark gauge boson mass MLQ mediating rare




















Figure 5. Feynman diagrams for neutron-antineutron oscillation via mediation of two ∆ucdc and
one ∆dcdc diquark Higgs scalars as shown in the left-panel while mediation of two ∆dcdc and one
∆ucuc diquark Higgs scalars as shown in the right-panel.
















where f11 = (f∆ucdc ) = (f∆dcdc ) = (f∆ucuc ) from the SO(10) invariance and the quartic
coupling between different diquark Higgs scalar has its natural value i.e, O(0.1)−O(1).
The n − n¯ mixing mass element δmnn¯ and the dibaryon number violating amplitude
W(B=2) = Amp
(a) +Amp(b) are related up to a factor depending upon combined effects of





















f11 λ M∆ucdc (GeV) M∆dcdc (GeV) τn−n¯ (secs)
0.1 0.1 105 105 6.6× 109
0.0236 0.1 105 105 2.5× 1013
0.0236 1.0 105 105 2.5× 1014
0.1 0.1 104 105 6.6× 109
0.0236 1.0 104 105 2.5× 1013
0.0236 1.0 105 104 2.5× 1013
Table 3. Predictions for n−n¯ oscillation mixing time as a function of allowed couplings and masses
of diquark Higgs scalars in the model described in the text.





With vB−L = 5TeV in the degenerate case, when all diquark Higgs scalars have identical
massesM∆ = 10
5GeV, the choice of the parameters f11 ≃ λ ∼ O(0.1) gives τnn¯ = 6.58×109
sec. As described below our SO(10) model can fit all charged fermion masses and CKM
mixings at the GUT scale with two kinds of structures: (i) only one 126H , and (ii) two
Higgs representations 126H and 126
′
H . In the minimal case the Yukawa coupling f of 126H
to fermions has a diagonal structure,
f = diag(0.0236,−0.38, 1.5), (4.14)
which gives through eq. (4.11), eq. (4.12), and eq. (4.13)
τn−n¯ = 108 − 1010 secs. (4.15)
This model prediction is accessible to ongoing search experiments [95]. However, the GUT
scale fit to the fermion masses can be successfully implemented without constraining the
f values when a second 126′H is present at the GUT scale with all its component at MU
except ξ′(2, 2, 15) being around the MP scale. Then using f11 = 0.1− 0.01, the estimated
value turns out to be
τn−n¯ ∼ 109 − 1013 sec. (4.16)
Out of this the mixing time in the range 109 − 1010 sec can be probed by ongoing experi-
ment [95].
5 Determination of Dirac neutrino mass matrix
The Dirac neutrino mass near the TeV scale forms an essential ingredient in the estimations
of inverse seesaw contribution to light neutrino masses and mixings as well as the LFV
and LNV processes in this model in addition to predicting leptonic CP-violation through

















earlier [39], we mention it briefly here in the context of the present model. In order to obtain
the Dirac neutrino mass matrixMD and the RH Majorana mass matrixMN near TeV scale,
at first the PDG values [65] of fermion masses at the electroweak scale are extrapolated to
the GUT scale using the renormalization group equations (RGEs) for fermion masses in
the presence of the SM for µ =MZ − 5TeV, and from µ = 5− 10TeV using the RGEs in
the presence of G2113 symmetry [71, 101]. From µ = 5− 100TeV, RGEs corresponding to
two Higgs doublets in the presence of G2113 symmetry are used [71]. These two doublets
which act like up-type and down type doublets are treated to have originated from separate
representations 10H1 and 10H2 of SO(10). For mass scale µ ≥ 105GeV till the GUT scale
the fermion mass RGEs derived in the presence of the G224 and G224D symmetries [72]
are exploited. Then at the GUT scale µ = MU we obtain the following values of mass
eigenvalues and the CKM mixing matrix m0u = 1.301 MeV, m
0
c = 0.1686GeV, m
0
t =
51.504GeV, m0d = 1.163MeV, m
0
s = 23.352 MeV, m
0
b = 1.0256GeV, m
0
e = 0.2168MeV,





 0.976 0.216 −0.0017− 0.0035i−0.216− 0.0001i 0.976− 0.0000i 0.0310
0.0083− 0.0035i −0.03− 0.0007i 0.999

 . (5.1)
Formulas for different fermion mass matrices at the GUT scale have been discussed
in [39, 71]
M0u = Gu + F, M
0
D = Gu − 3F,
M0d = Gd + F, Ml = Gd − 3F, (5.2)
where Gu = Y1vu, Gd = Y2vd , and in the absence of 126H in those models , the diagonal
structure of F was shown to originate from available non-renormalizable higher dimensional
operators.The new interesting point here is that the present model permits F to be renor-
malizable using the ansatz [85] F = fvξ, and the induced VEV vξ of ξ(2, 2, 15) ⊂ 126H is
predicted within the allowed mass scales of the SO(10) while safeguarding precision gauge
coupling unification.
Using the charged-lepton diagonal mass basis and eq. (5.2) we have
Me(MU ) = diag(0.000216, 0.0388, 0.9620)GeV,
Gd,ij = 3Fij , (i 6= j). (5.3)
In the present model, type-II seesaw contribution being negligible and the neutrino oscil-
lation data being adequately represented by inverse seesaw formula, there is no compelling
reason for the Majorana coupling f to be non-diagonal. On the other hand diagonal tex-
ture of RH neutrino mass matrix has been widely used in the literature in a large class
of SO(10) models. Moreover, as we see below, the diagonal structure of f which emerges
in the minimal model exactly predicts the RH neutrino masses accessible to LHC and the
neutrino oscillation data.2 We then find that diagonal texture of f gives the matrix Gd to
2Alternatively the fermion masses at the GUT scale can be fitted by the diagonal coupling f ′ of a second
126H′ whose ξ
′(2, 2, 15) component can be fine-tuned to have mass at the same intermediate scale to provide
the desired VEV. In this case the f and RH Majorana neutrino mass matrix MN is allowed to possess a

















be also diagonal leading to the relations
Gd,ii + Fii = m
0
i , (i = d, s, b),




















= diag(9.2645× 10−4, 0.027224, 1.00975)GeV, (5.5)
where we have used the RG extrapolated values at the GUT scale. It is clear from the value
of the mass matrix F in eq. (5.5) that we need a small VEV vξ ∼ 10MeV to fit the fermion
mass fits at the GUT scale. To verify that this vξ is naturally obtained in this model, we
note that the spontaneous symmetry breaking in this model G224 → G2113 occurs through
the VEV of (1, 3, 15)H ⊂ 210H . Then the desired trilinear term in the scalar potential V
gives the natural value of the VEV
V = λ3MU210H .126
†
H10H
= λ3MU (1, 3, 15)210.(2, 2, 15)126.(2, 2, 1)101,2 ,
vξ ∼ λ3MUMCvew/M2ξ = 10MeV − 100MeV, (5.6)
for Mξ = 10
12 − 1013GeV.
Repeating the RG analysis of ref. [39] we have verified that the precision gauge coupling
unification is unaffected when ξ(2, 2, 15) occurs at such high intermediate scales except for
an increase of the GUT scale by nearly 2 and the GUT fine structure constant by nearly
three times. That the Parity violating scale and the GUT scale would be marginally
affected is easy to understand because the contribution due to ξ(2, 2, 15) to all the three
one-loop beta-function coefficients are almost similar δb2L = δb2R = 5, δb4C = 5.333. That
the unification is bound to occur can be easily seen because there are only two gauge
coupling constant lines for µ > MP .
Using the computed values of M0u and the value of F from eq. (5.5) in eq. (5.2), gives
the the matrix Gu at µ = MU . Another by product of this fermion mass fit at the GUT
scale is that the matrix elements of F now gives f = diag(f1, f2, f3) and consequently the
RH neutrino mass hierarchy MN1 : MN2 : MN3 = 0.023 : −0.38 : 1.5. This hierarchy is
consistent with lepton-number and lepton flavor violations discussed in section 5, section 6,
section 7, and section 8.
Gu(MU ) =

 0.0095 0.0379− 0.0069i 0.0635− 0.1671i0.0379 + 0.0069i 0.2637 2.117 + 0.0001i
0.0635 + 0.1672i 2.117− 0.0001i 51.444

GeV . (5.7)

















at the GUT scale
M0D(MU ) =

 0.00876 0.0380− 0.0069i 0.0635− 0.1672i0.0380 + 0.0069i 0.3102 2.118 + 0.0001i
0.0635 + 0.1672i 2.118− 0.0001i 51.63

GeV. (5.8)
Noting that F = fvξ = diag(f1, f2, f3)vξ in eq. (5.5), vξ = 10MeV gives (f1, f2, f3) =
(0.0236,−0.38, 1.5). Then the allowed solution to RGEs for gauge coupling unification with
M0R = vR = 5TeV gives MN1 = 115GeV, MN2 = −1.785TeV, and MN3 = 7.5TeV. While
the first RH neutrino is lighter than the current experimental limit on ZR boson mass, the
second one is in-between the ZR and WR boson mass limits , but the heaviest one is larger
than the WR mass limit. These are expected to provide interesting collider signatures at
LHC and future accelerators. Then following the top-down approach we obtain the value





 0.02274 0.0989− 0.0160i 0.1462− 0.3859i0.0989 + 0.0160i 0.6319 4.884 + 0.0003i
0.1462 + 0.3859i 4.884− 0.0003i 117.8

GeV . (5.9)
We will use MN = (0.115,−1.785, 7.5)TeV and the MD matrix of eq. (5.9) to predict
LFV and LNV decays in the next two sections.
6 Fitting the neutrino oscillation data by gauged inverse seesaw formula
In the presence of three singlet fermions Si, (i = 1, 2, 3), the inverse seesaw mechanism [39,
66–68, 71] is implemented in the present model through the SO(10) invariant Yukawa
Lagrangian that gives rise to the G2113 invariant interaction near the TeV scale [39, 71]
where χR(1, 1/2,−1, 1) ⊂ 16H generates the N − S mixing term,
LYuk = Y a16.16.10aH + f16.16.126†H + yχ16.1.16†H + µS1.1
⊃ Y ℓℓLNR Φ1 + f N cRNR∆R + F NR S χR + STµSS + h.c..









In contrast to the SM where all three matrices MN ,M , and µS have no dynamical origins,
in this model the first two have dynamical interpretations MN = fvR, M = yχvχ; only µS
suffers from this difficulty.
In this model the RH neutrinos being heavier than the other two fermion mass scales in
the theory with MN ≫M > MD, µS , they are at first integrated out from the Lagrangian,



































This is further block diagonalised to find that the would be dominant type − I seesaw
contribution completely cancels out leading to the gauged inverse mass formula for light
neutrino mass matrix and also another formula for the sterile neutrinos(S)
mν = MDM
−1µS(MDM−1)T (6.3)
mS = µS −MM−1N MT . (6.4)
The complete 6 × 6 unitary mixing matrix which diagonalizes the light-sterile neutrino
effective mass matrix Meff is












In this extended inverse seesaw scheme, the light neutrinos are actually diagonalized by a







UPMNS = (1− η)UPMNS (6.6)
where η = 12MDM
−1 (MDM−1)† is a measure of non-unitarity contributions. In the
(ν, S,N) basis, adding RH Majorana mass MN to eq. (6.2), the complete mixing ma-






































−1, Y =MM−1N , Z =MDM
−1
N , and y =M
−1 µS .
Although the N−S mixing matrixM in general can be non diagonal, we have assumed
it to be diagonal partly to reduce the unknown parameters and as we shall see the LFV








the entries of the η matrix are constrained from various experimental inputs like e.g. rare
leptonic decays, invisible Z-boson width, neutrino oscillations etc. For illustration let us
quote the bound on these elements of η on 90% C.L.3 |ηee| ≤ 2.0×10−3, |ηµµ| ≤ 8.0×10−4,
|ηττ | ≤ 2.7× 10−3, |ηeµ| ≤ 3.5× 10−5, |ηeτ | ≤ 8.0× 10−3, and |ηµτ | ≤ 5.1× 10−3. Whereas
the possible CP phases of the elements of ηαβ (= φαβ) are not constrained, the knowledge
of MD matrix given in eq. (5.9) and saturation of the lower bound on |ηττ | = 2.7 × 10−3













= 2.7× 10−3 , (6.8)



















2, κ2 = 23.853GeV
2, κ3 = 13876.84GeV
2 . (6.9)
The above relation can be satisfied by the partial degenerate values of M as M1 = M2 ≥
100GeV and M3 ≥ 2.15TeV while it also accommodates the complete non-degenerate
values M1 ≥ 10GeV, M2 ≥ 120GeV, and M3 ≥ 2.6TeV. For degenerate M , this gives
M1 = M2 = M3 = 1.6TeV. The elements of η can be different for different values of
M allowed in our model. We need to know the PMNS mixing matrix and η in order to
estimate the non-unitarity leptonic mixing matrix N3×3.
Our analysis carried out for a normal hierarchy (NH) of light neutrino masses can be
repeated also for inverted hierarchical (IH) or for quasi-degenerate (QD) masses to give
correspondingly different values of the µS matrix. For example, using NH for which mˆ
diag
ν =
diag(0.00127 , 0.00885 , 0.0495 ) eV consistent with the central values of a recent global
analysis of the neutrino oscillation parameters [74–76] ∆m2sol = 7.62× 10−5 eV2, ∆m2atm =
2.55 × 10−3 eV2, θ12 = 34.4◦, θ23 = 40.8◦, θ13 = 9.0◦, δ = 0.8π and assuming vanishing
Majorana phases α1 = α2 = 0 , we use the non-unitarity mixing matrixN = (1− η)UPMNS,
and the relation mν = N mˆνN T , to derive the form of µS matrix from the light neutrino
mass formula (6.3)
µS = X
−1N mˆνN T (XT )−1
=

 0.001 + 0.0004 i −0.0026− 0.0012 i 0.0013−0.0026− 0.0012 i 0.0067 + 0.0023 i −0.0034
0.0013 −0.0034 0.0014− 0.0006 i

GeV . (6.10)
7 Lepton flavor violations
Within the framework of this extended seesaw scheme [39], the dominant contributions are
mainly through the exchange of heavy sterile neutrinos (S) as well as heavy RH neutrinos
(NR) with branching ratio [39, 71, 77–80]


































with F(x) = −2x




Here the summation over j and k goes over number of sterile neutrinos Sj and for heavy
right-handed Majorana neutrinos Nk and the mixing matrices are VνSα j = {X US}α j and

















the LFV constraint eq. (6.8) and the predicted values of MNi , (i = 1, 2, 3) now determine
the mass eigenvalues of the sterile neutrinos leading to MSi = {12.5, 49, 345.6}GeV for
M = diag[40, 300, 1661]GeV, and MN = diag[115,−1785, 7500]GeV.
The neutrino mixing matrices are estimated numerically
N ≡ Vνν =

 0.8143− 0.0008i 0.5588 + 0.0002i 0.1270 + 0.0924i−0.3587− 0.0501i 0.6699− 0.0343i −0.6472− 0.0001i





 0.0542 0.0325− 0.0052i 0.0086− 0.0227i0.2358 + 0.0380i 0.2075 0.2869
0.3465 + 0.9159i 1.597 6.920

× 10−2i , (7.3)
VνN =

 0.0170 0.0053− 0.0009i 0.0018− 0.0048i0.0740 + 0.0119i 0.0340 0.0608
0.1089 + 0.2865i 0.2625 1.467

× 10−2 . (7.4)
Compared to RH neutrinos, the branching ratios due to exchanges of sterile neutrino (Si)
are found to be more dominant
Br (µ→ e+ γ) = 3.5× 10−16. (7.5)
Similarly, other LFV decay amplitudes are estimated leading to [81]
Br (τ → e+ γ) = 3.0× 10−14 ,
Br (τ → µ+ γ) = 4.1× 10−12 . (7.6)
These branching ratios are accessible to ongoing search experiments
We have also noted here that the leptonic CP-violating parameter due to non-unitarity
effects is J ≃ 10−5 which is similar to the model prediction of ref. [39].
8 New contributions to neutrino-less double beta decay in the WL−WL
channel
8.1 Sterile neutrino mass from effective mass
In the generic inverse seesaw, there is only one small lepton number violating scale µS
and the lepton number is conserved in the µS = 0 limit leading to vanishing non-standard
contribution to the 0ν2β transition amplitude. On the contrary, in the extended seesaw
under consideration, it has been shown for the first time that there can be a new dominant
contributions from the exchanges of heavy sterile neutrinos [39]. The main thrust of our
discussion will be new contribution arising from exchange of heavy sterile neutrinos Si with
Majorana massMS = µS−M(1/MN )MT as explained in section 6 when added to the light
neutrino exchange contribution with different mass hierarchies, NH, IH, and QD patterns.
Although dominance of sterile neutrino exchange was estimated very approximately in
ref. [39], its interference with light neutrino contribution was neglected. Also no bound on










































Figure 6. Feynman diagrams for 0νββ decay in the W−L −W−L channel with light νi exchange
(left-panel) and sterile Si Majorana neutrino exchange (right-panel).
was possible in that work. Other high-light of the present analysis is our new scattered
plot of effective mass parameter against the lightest active neutrino mass in the theory,
plot of combined effective mass parameter against lightest sterile neutrino mass, scattered
plots of half life against lightest sterile neutrino mass and functional plot of half life against
lightest sterile neutrino mass in different cases. Because of heavy mass of WR boson in this
theory, the RH current contributions are damped out.
In the mass basis, we have να = Nα i νmi + VνSα j Smj . In addition to the well known
standard contribution in the W−L −W−L channel shown in the left-panel of figure 6, the
new contribution is shown in the right-panel of figure 6 with the corresponding amplitudes
ALLν ∝ G2F









where |p2| represents magnitude square of neutrino virtuality momentum and GF = 1.2×
10−5GeV−2.
The analytic expression for the amplitude due to RH neutrino exchange is similar to
the singlet fermion exchange but with the replacement VνSe j → VνNe j and MSj → MNj in
the second equation given above. As the RH neutrinos are necessarily heavier than the
sterile fermion masses because of the underlying constraint imposed by the extended see-
saw mechanism, we ignore their contribution and consider the combined effective mass























































































Figure 7. Effective mass as a function of the lightest active neutrino mass. The blue and the red
bands correspond to normal and inverted hierarchy, respectively. The vertical bands are from the
bounds on the sum of light neutrino masses given by Planck1, Planck2, and KATRIN experiments.
The horizontal yellow band in the left panel corresponds to HM claim with T 0ν
1/2(
76Ge) = 2.23+0.44−0.31×
1025 yrs at 68% C.L. and that in the right-panel corresponds to the KamLAND-Zen and EXO-200
combined bound T 0ν
1/2(
136Xe) = 3.4× 1025 yrs at 90% C.L. The scattered points are sterile neutrino
contributions to the effective mass.
where, in the second equation, we have introduced two Majorana phases, α1, α2, in the
light neutrino mixing matrix. Noting from eq. (6.7) that (VνSe j )2 = (MD/M)2e j , the r.h.s.
of eq. (8.4) is expected to dominate because of three reasons:(i) Dirac neutrino mass origin
from quark-lepton symmetry in SO(10), (ii) Smaller values of diagonal elements of the
N − S mixing matrix M , (iii) smaller eigenvalues of the heavy sterile Majorana neutrino
mass: MS = µS −M(1/MN )MT . The mixing matrix elements necessary for prediction of
0νββ amplitude can be extracted from eq. (7.2) and eq. (7.3) as,
Ne 1 = 0.8143− 0.0008i, Ne 2 = 0.5588 + 0.0002i, Ne 3 = 0.1270 + 0.0924i ,
VνSe 1 = 0.00054i, VνSe 2 = 0.00005 + 0.00032i, VνSe 3 = 0.00023 + 0.00009i . (8.5)
In figure 7 we have presented the effective mass parameter for 0νββ decay as a function
of lightest neutrino mass. The yellow band in the left-panel represents the Heidelberg-
Moscow (HM) evidence corresponding to measured half-life T 0ν1/2(
76Ge) = 2.23+0.44−0.31 ×
1025 yrs at 68% C.L. In the right-panel it represents the combined bound from KamLAND-
Zen and EXO-200 experiments corresponding to T 0ν1/2(
136Xe) = 3.4× 1025 yrs at 90% C.L.
The effective mass predictions for normal and inverted hierarchy of light neutrinos which
are known to be far below the current experimental bounds are also shown in the left-
and the right- panels. In both these panels the quasi-degenerate mass region is shown by
vertical lines to the right of each figure and the corresponding contributions to the effective
mass is shown by the slanting band of the hammer shaped region.
In order to obtain the scattered dots in this figure at first we have used dominance
of sterile neutrino exchange. The combined effect of light and sterile neutrino exchanges
are discussed in subsequent figures. The nuclear matrix elements and phase space factors


































Figure 8. Effective mass as a function of lightest sterile neutrino mass. The green band corresponds
to the effective mass corresponding to HM experiment. Horizontal lines are the standard effective
masses in the NH, IH, and saturation of Planck1 pattern of light neutrino masses in the absence of
any Majorana phase. The solid, dashed, and the dotted curves are for ligt-neutrino masses corre-





unitarity constraint discussed in section 6 and the specific values are M1 = 55GeV, M2 ∈
[250, 550], and M3 ∈ [1600, 2500]GeV. Including the estimated matrices MD and MN
already discussed, we get MS1 ≃ 22GeV and much larger values of MS2,MS3 to generate
these scattered dots. For values of MS1 smaller (larger) than 22GeV, the central region
of the scattered points is noted to shift upwards (downwards). Thus, we find that even
without the quasi-degeneracy assumption on the light neutrino masses, it is possible to
explain the current experimental bounds or any future data close to these limits by the
sterile neutrino dominance.
As the standard and sterile contributions to effective mass parameter have opposite
signs, there is the possibility of cancellation between the two terms if Majorana phases are
neglected. This behavior of the combined contribution is depicted in figure 8.
Saturation of the Plank1 bound on the sum of the three light neutrino
masses at 0.23 eV [13] combined with neutrino oscillation data gives (mˆ1, mˆ2, mˆ3) =
(0.0712, 0.0717, 0.0870) eV, or (mˆ1, mˆ2, mˆ3) = (0.0820, 0.0824, 0.0655) eV. Contribution of
such light neutrinos alone to the effective mass which is shown by the solid-blue hori-
zontal line is way below the HM data or the combined bound from KamLAND-Zen and
EXO-200 experiments. The light neutrino contributions of IH and NH type are shown by
the dashed-magenta and the dotted-green horizontal lines in this figure whereas the com-
bined effective mass parameters including sterile neutrino contributions are represented
by the corresponding slanting curves. A dip in the solid-blue curve that includes contri-
bution of light neutrino masses of Planck1 type hierarchy occurs at MˆS1 ≃ 26GeV, but
the corresponding dip in the dotted-magenta curve that includes contribution of IH type
neutrinos is found to occur at MˆS1 ≃ 30GeV. We have also noted that the cancellation

















MˆS1 ≥ 40GeV. This cancellation phenomenon with increasing values of dip positions for
decreasing values of light neutrino masses as evidenced in Planck1, IH, and NH cases is
clearly understood by our formulas given in eq. (8.3) and by noting that all sterile neu-
trino mass eigenvalues MˆSi are negative. Being inversely proportional to MˆSi , the sterile
neutrino contribution decreases for increasing mass eigenvalues and the dip region appears
when the sterile neutrino contribution is comparable to the naturally small contribution
due to the light neutrinos of a given type of hierarchy.
We also note the occurrence of a stringent bound on the mass of the lightest sterile
neutrino MˆS1 ≥ 15GeV from the crossing region of the HM experimental band. This
smallest value occurs for smallest allowed value of |p| = 130MeV and large values of
(MˆS2 , MˆS3) = (160, 758)GeV so that the contributions of the latter two masses are negli-
gible. For larger values of |p|, the bound on MS1 will be larger. We will discuss this issue
later in this section in the context of half-life predictions for 0νββ-decay where peaks are
expected to appear.
The cancellation among the light neutrino and sterile neutrino contributions is more
prominent in the quasi-degenerate case as shown in figure 9 where the horizontal overlap-
ping dark region shows that, in the absence of both the Majorana phases, the contribution
of light quasi-degenerate neutrinos alone with common mass mν = 0.23 eV can explain the
HM data with nuclear matrix element Mν0ν = 6.64. On the other hand, in the presence of
sterile neutrinos, the two contributions cancel out for certain allowed values of parameters
giving much smaller value of the resultant effective mass for certain values of MˆS1 . In the
figure 9, the first dip in the effective mass occurs at MˆS1 ≃ 15.8GeV for zero Majorana
phases of light-neutrinos. This behavior is shown by the solid-blue curve. The dip in the
region MS1 ≃ 25GeV occurs when each of the two Majorana phases in the light neutrino
sector is π/2. The orange band shown in the figure 9 spans over all the possible values
of the two Majorana phases between 0 − 2π. We have shown one case by the dot-dashed
green curve which corresponds to Majorana phase α1 = π/4. We have noted that for larger
values of |p|, the cancellation and the dip regions shift towards higher values of MˆS1 .
From the figure 8 and the figure 9 it is clear that for agreement with the current
experimental data on the effective mass parameter, the lightest sterile neutrino mass should
be constrained with the following lower bonds
MˆS1 ≥ 11.7GeV, QD,
≥ 14.5GeV, Plank1,
≥ 14.5GeV, IH,
≥ 16.3GeV, NH. (8.6)
8.2 A formula for half-life and bound on sterile neutrino mass
We derive a new formula for half-life of 0νββ decay as a function of heavy sterile neutrino
masses and other parameters in the theory. We then show by means of scattered plots or


































Figure 9. Predicted variation of combined effective mass parameter for 0νββ decay as a function of
lightest sterile neutrino mass MˆS1 . The horizontal blue, red and green bands of effective masses are
generated for the NH, IH, and the QD type of light neutrinos, respectively when all the Majorana
phases are scanned. The yellow band represents the HM data. The orange band is quasi-degenerate





76Ge 0.686 2.58–6.64 233–412
82Se 2.95 2.42–5.92 226–408
130Te 4.13 2.43–5.04 234–384
136Xe 4.24 1.57–3.85 160–172
Table 4. Phase space factors and nuclear matrix elements with their allowed ranges as derived in
refs. [39, 82–84].
Using results discussed in previous sections, the inverse half-life is presented in terms




= G0ν01 |M0νν |2|ην +
M0νN
M0νν
ηS |2 , (8.7)












In eq. (8.8),me (mi)= mass of electron (light neutrino), andmp = proton mass. In eq. (8.7),
G0ν01 is the the phase space factor and, besides different particle parameters, it contains the
nuclear matrix elements due to different chiralities of the hadronic weak currents such as
M0νν involving left-left chirality in the standard contribution. Explicit numerical values of


































where G0ν contains the phase space factors, me is the electron mass, andMν is the nuclear
matrix element and the effective mass parameters are




where p2 = −|p2| and ∣∣〈p2〉∣∣ = ∣∣mempM0νN /M0νν ∣∣
= [(130− 277) MeV]2 , 76Ge,
= [(140− 230) MeV]2 , 136Xe . (8.11)
Neglecting Majorana phases, the numerical estimation for light neutrino contribution for
the effective mass is
|mνee| = N 2e 1mν1 +N 2e 2mν2 +N 2e 3mν3
≃ 0.004 eV NH,
≃ 0.048 eV IH,
≃ 0.23 eV QD. (8.12)
For direct prediction of half-life as a function of heavy sterile neutrino masses and its
comparison with experimental data of ongoing search experiments, we derive the following
analytic formula including light neutrino contribution












where K0ν = G0ν
∣∣∣M0ννme
















The light-neutrino contribution has entered through the quantity δ in the eq. (8.13). This
formula is different from the one obtained using type-II seesaw dominance in SO(10) with
TeV scale Z ′ [114] but a lower bound on the lightest sterile neutrino mass nearly one order
smaller than those reported here. Further Type-II seesaw dominated SO(10) model has
been utilised in ref. [114] with negligible n− n¯ oscillation and rare-kaon decay amplitudes.
Using the predicted value of MD from eq. (5.9) and derived values of heavy RH Majo-
rana neutrino mass matrix, MN = diag(115,−1785, 7500)GeV from the GUT-scale fit to
the fermion masses we obtain from eq. (8.14)

















M (GeV) |MˆS | (GeV)[eq. (8.16)] MˆSexact (GeV) [NH]
(20, 550, 2500) (3.48, 169, 833) (3.38, 156, 758)
(25, 550, 2500) (5.43, 169, 833) (5.20, 156, 758)
(30, 550, 2500) (7.82, 169, 833) (7.35, 156, 758)
(35, 550, 2500) (10.6, 169, 833) (9.81, 156, 758)
(40, 550, 2500) (13.9, 169, 833) (12.5, 156, 758)
(45, 550, 2500) (17.6, 169, 833) (15.5, 156, 758)
(50, 550, 2500) (21.7, 169, 833) (18.7, 156, 758)
(55, 550, 2500) (26.3, 169, 833) (22.1, 156, 758)
(60, 550, 2500) (31.3, 169, 833) (25.6, 156, 758)
(65, 550, 2500) (36.7, 169, 833) (29.3, 156, 758)
(70, 550, 2500) (42.6, 169, 833) (33.1, 156, 758)
(75, 550, 2500) (48.9, 169, 833) (37.0, 156, 758)
Table 5. Eigenvalues of sterile neutrino mass matrix for different allowed N − S mixing matrix
elements.
For different values of the diagonal matrix M = diag(Mˆ1, Mˆ2, Mˆ3) consistent with the
non-unitarity constraint eq. (6.8), and the MN = diag(115,−1785, 7500)GeV, we derive
mass eigenvalues MˆS = (MˆS1 , MˆS2 , MˆS3) using the formula
MˆS = −(M21 /MN1 ,M22 /MN2 ,M23 /MN3). (8.16)
Alternatively, we have determined the mass eigenvalues MˆSi by direct diagonalization of
the 9× 9 neutral fermion mass matrix under the constraints from neutrino oscillation data
and the extended seesaw. The moduli of these eigenvalues and the corresponding elements
of M are given in table 5 where the values derived using eq. (8.16) have been denoted as
MˆS , but those obtained by direct diagonalization of 9× 9 matrix are denoted as MSexact.
It is clear from eq. (8.13) that the half-life is a function of three mass eigenvaluesMS1 ,MS2
and MS3 while all other parameters are known. This calls for a scattered plot for half life
as discussed below. It is evident from eq. (8.13) that for MS3 ≫ MS2 ≫ MS1 , a log(T1/2)
vs log(MS1) would exhibit a linear behavior.
Including the contribution of light neutrinos with NH patterns of masses, we have
shown the scattered plot of half-life as a function of lightest sterile neutrino mass MS1
and compared it with experimental data from 76Ge (left-panel) and 136Xe (right panel) as
shown in figure 10. Including the the contribution of light neutrinos with IH patterns of
masses, the scattered plots are shown in the left-panel and the right panel of figure 11.
Including contributions of light neutrinos with QD pattern of masses, the scattered plots
for half life are shown in figure 12.
Compared to scattered plots of half-life in NH and IH cases, we find the spread in the

















































Figure 10. Scattered plot of half-life due to NH type light neutrino and heavy sterile neutrino
exchange contributions in the WL −WL channel as a function of lightest sterile mass. Left (right)
panel corresponds to the nuclear matrix elements and phase space factor of 76Ge (136Xe). Details




































































Figure 12. Same as figure 10 and figure 11 but for quasi-degenerate light neutrino masses with








































Figure 13. Predicted variation of half-life as a function of lightest sterile neutrino mass MS1. The
blue, red and green bands have been generated taking the normal, inverted and quasi-degenerate
patterns of light neutrino masses, respectively when all the Majorana phases are scanned and sterile
neutrino contributions are switched off. The orange band is the combined contribution with fixed
nuclear matrix element, Mν0ν = 6.64 and |p| = 130MeV.
cancellation between the light neutrino and the sterile neutrino contributions. To analyse
this aspect more vividly we have plotted the half-life as a function of MˆS1 using eq. (8.13)
and table 5 as shown in figure 13.
From the figure 10, figure 11, and figure 12, it is clear that the 76Ge data gives the
following bounds on the lightest sterile neutrino mass,
MˆS1 ≥ 15.5± 3.5 GeV, QD,
≥ 18.0± 3.0 GeV, IH,
≥ 18.5± 3.0 GeV, NH. (8.17)
whereas from the 136Xe data, the bounds are
MˆS1 ≥ 17.0± 3.0 GeV, QD,
≥ 19.0± 2.0 GeV, IH,
≥ 20.0± 2.3 GeV, NH. (8.18)
For all QD cases used to obtain mass bounds , we have used the common mass of light
neutrinos mν = 0.23 eV. We find that the bounds obtained from effective mass plots and
the half- life plots are in agreement as expected. Also the bounds obtained from the 76Ge
data are consistent with those from 136Xe data.
Taking an average of all the bounds and including their uncertainties we find,





























Figure 14. Mass bounds for the lightest sterile neutrino mass MˆS1 obtained from scattered plots of
half-life for different light-neutrino mass hierarchies and their comparison with experimental data
for 76Ge and 136Xe isotopes cited in the text. The horizontal dashed-green line represents the
average value MˆS1 ≥ 18.0 ± 2.9 GeV. The vertical dashed-red line passing through the average is
to guide the eye.
9 TeV scale Z′ through flipped SU(5)× U˜(1) path
As early as 1980 Witten suggested two-loop generation mechanism in non-SUSY SO(10)
for heavy RH Majorana neutrino mass lighter than the GUT scale which is essential in
explaining light neutrino masses through type-I seesaw [116]. Quite recently the Witten
mechanism has been found to play a significant role in non-SUSY flipped SU(5) model [117]
while different aspects of the model have been discussed by a number of authors earlier [118–
121]. Several advantages of the model including those relating to proton decay predictions
have been discussed in refs. [117, 121]. For example, a good advantage of these models is
that the dim.6 proton decay operator in the p → e+π0 mode receives contribution from
only one effective operator of the type ∝ dcQucL making the lifetime prediction much more
predictive. However one clear disadvantage compared to all GUTs is that the two gauge
couplings of SU(5) and U˜(1) do not unify into the SO(10) gauge coupling. In these models
the Z ′ mass is either at the SU(5) gauge boson mass scale [117] or at the intermediate scale
≃ 1011GeV [120] while the type-I seesaw controls the light neutrino masses and mixings.
Besides showing how TeV scale Z ′ accessible to LHC and ILC, and gauged inverse seesaw
mechanism can be easily accommodated within flipped SU(5) model descending from non-
SUSY SO(10) [118, 119] in the un-unified approach, as a new realisation of this work, we
show for the first time how the two gauge couplings of the flipped SU(5) × U˜(1)(≡ G51)
are merged into the SO(10) gauge coupling. In the latter case we find that we have to

















45H , 16H , 10H and the fermion representation 16 decompose under flipped SU(5)× U˜(1) as
45H = (24, 0) + (10,−4) + (10, 4) + (1, 0),
16H or 16 = (10, 1) + (5
∗,−3) + (1, 5),
10H = (5,−2) + (5¯, 2), (9.1)
and also 126H ⊃ (50H ,−2) which plays an important role in achieving extended seesaw

















, (1F , 5) = {eC} . (9.2)
The U(1)Q charge is defined as















We consider two spontaneous symmetry breaking schemes.

















In both the chains 45H containing singlet under SU(5) × U˜(1) acquires VEV of order
M10. The VEV of (24H , 0) ⊂ 45H breaks SU(5) but preserves U˜(1) symmetry. Since
(10H , 1) ⊃ S10(1, 1, 1, 1) under G3211 and has non-zero charges under each of the U(1)’s in
U(1)′× U˜(1), a VEV along this non-singlet direction breaks U(1)′× U˜(1)→ U(1)Y leading
to the SM. The second massive Z ′ boson is generated at this scale. The G3211 submultiplet
S50(1, 1,−2,−2) contained in (50H ,−2) also carries out the same intermediate symmetry
breaking process independently of the (10H , 1). As we are interested in low-mass Z
′ boson
we would like to confine to the G3211 spontaneous breaking at 1−10TeV. But the two cases
differ considerably in quality and minimality as also in the generation of fermion masses
having implications for LFV and LNV processes. Intermediate breaking through (50H ,−2)
alone generates heavy RH Majorana masses at the tree level at the intermediate scale, but
it can not generate N − S mixing mass term. Since the underlying seesaw mechanism
is type-I seesaw, the intermediate breaking scale has to be larger than 1011GeV which
also gives the order of the high scale Z ′ that is far beyond the limits of LHC or ILC.
With such large MN , LFV and LNV processes are suppressed. Similarly at the tree level
(10H , 1) can not generate TeV scale RH Majorana mass term at the tree level essential

















neutrino masses which form a Pseudo Dirac pair. In this case inverse seesaw can explain
light neutrino masses and LFV. This symmetry breaking has certain minimality property
that it needs only small SO(10) representations like 45H , 16H and 10H . As we discuss
below, this path can give TeV scale Z ′ accessible to LHC. However when both the VEVs
of (50H ,−2) and (10H , 1) are combined, we achieve TeV scale Z ′, LFV and LNV decays
closer to experimentally accessible values. The light neutrino mass ansatz is provided by
the gauged inverse seesaw formula. To visualize the inverse seesaw structure in the theory
we add one SU(5)×U˜(1) singlet fermion per generation (Si, i = 1−3). We discuss different
cases of SO(10) breaking and their phenomenology through SU(5)× U˜(1) path.
9.1 Single step breaking of flipped SU(5)× U˜(1)
If we assume that SU(5)× U˜(1) symmetry is broken directly to SM by assigning GUT scale
VEVs to the SM singlets of (24H , 0) and (10H , 1), then for α
−1
G ∼ 45,
MN ≃ 3× 1010−11 ×Md. (9.6)
This case has been investigated in detail with minimal fermionic and Higgs representations
with type-I seesaw ansatz for neutrino masses [117]. Since the Z ′ mass is near the GUT
scale in this model and our interest is LHC accessible Z ′, we consider the second option of
two-step breaking of flipped SU(5)× U˜(1) to SM.
9.2 Two-step breaking and unification of SU(5)× U˜(1) couplings
9.2.1 Misaligned couplings in the minimal model
As discussed above we implement the first and second steps of breakings of SO(10) →
SU(5) × U˜(1) → G3211 by different components contained in the Higgs representation
45H of SO(10). We then carry out the third step of intermediate breaking through the
representation (50H ,−2) ⊂ (126H) of SO(10) where the TeV scale Z ′ boson and heavy
RH Majorana masses are generated. The N − S mixing via the smaller VEV of (10H , 1)
guarantees the desired condition MN ≫ M ≫ MD, µS for extended seesaw mechanism.
Finally the SM breaks to SU(3)C ×U(1)Q by the SM doublet in 5H ⊂ SU(5) contained in
10H ⊂ SO(10). The gauge couplings of the SM and those in SU(3)C×SU(2)L×U(1)′×U˜(1)
are governed by the corresponding RGEs in their respective ranges with beta function
coefficients
a3c = −7, a2L = −19/6, aY = a′1 = 41/10, a1˜ = 49/10 . (9.7)










The matching condition in this case permits the two inverse fine structure constants in
U(1)′ × U˜(1) at µ = MSS to have somewhat wider separation that almost persists up to
the Planck scale. Although the gauge couplings of G321′ unify at M5 = 10
17GeV, the U˜(1)














































Figure 15. Evolution of gauge couplings in a flipped SU(5) unification theory with a low mass Z ′
gauge boson mass showing misaligned couplings of SU(5) and U˜(1).
9.2.2 Unification of SU(5)× U˜(1) couplings into SO(10)
Although with the minimal content of Higgs scalars, the two gauge couplings of G51 remain
un-unified, we have obtained successful unification by pulling down the following sets of
complex Higgs scalars to their respective lighter mass scales. At the SU(5) unification
level besides the Higgs representation (50H , 24H , 10H , 5H) ⊂ SU(5), we include two more
complex 24H representations. From a total number of three 24H ’s, we pull out the three
Higgs scalar components σL(1, 3, 0, 0) under G3211 to the mass scale Mσ = 500− 1000GeV
and two complex scalar components C8(8, 1, 0, 0) under G3211 to the mass scale 10
6GeV.
These are contained in 3(24H , 0) of SU(5) or 3(45H) of SO(10). This procedure of achieving
unification in SUSY and non-SUSY models have been adopted in a number of papers
earlier [60–64, 122] and also recently [123] in predicting TeV scale RH gauge bosons of
left-right gauge theory. In this case although the matching condition eq. (9.8) permits the
three U(1) couplings to be nearly equal at µ =MSS , because of the difference in the beta-
function coefficients, the two U(1)′ × U˜(1) couplings become distinct for µ > MSS until
U(1)′ coupling merges into SU(5) coupling along with g2L and g3C at M5 ∼ 1015.2GeV.
Finally the two gauge couplings of SU(5) × U˜(1) merge with SO(10) gauge coupling at
∼ 1016.5GeV. To our knowledge such gauge coupling unification in the SU(5)× U˜(1) path
is first of its kind as presented here.
The evolution of gauge couplings with the VEV v∆ = 10TeV is presented in figure 16
which shows that the three gauge couplings in SU(3)C×SU(2)L×U(1)′ unify into SU(5) at
M5 ∼ 1015.26GeV whereas the two gauge couplings of SU(5)× U˜(1) merge with the SO(10)
coupling at M10 = 10
16.56GeV.








































Figure 16. Evolution of gauge couplings in the flipped SU(5) × U˜(1) path of non-SUSY SO(10)
theory showing unification into SU(5) and SO(10) at two different stages with M5 ≃ 1015.25GeV
and M10 = 10
16.56GeV.
this unification scheme are
a2L = −7/6, µ > 500GeV,
a3C = −5, µ > 106GeV,
a5 = −17/6, µ ≥M5 = 1015.26GeV (9.9)
aU˜(1) = 41/10, 10
4GeV ≤ µ ≤ 1015.256GeV,
aU˜(1) = 35/6, M10 ≥ µ ≥M5 = 1015.26GeV . (9.10)
The inverse fine-structure constants for SU(5) and SO(10) turn out to be




α−110 (M10) = 37.0. (9.11)
The values of other coefficients are the same as in minimal case in the corresponding mass
ranges. With X±4/3 and Y ±1/3 gauge boson masses at M05 = 10
15.26GeV, it might be
argued at first sight that the proton lifetime prediction for p → e+π0 with τ0P ≃ 5 × 1033
yrs is a little less than the current experimental limit. But this deficit is more than
compensated by uncertainties from different sources. At first a generic factor contributing
to this uncertainty in flipped SU(5) models has been recently noted to be due to the charged

















due to super-heavy scalar components in (50H ,−2) ⊂ 126H , 3(24H , 0) ⊂ 3(45H), (10H , 1) ⊂
16H and 5H ⊂ 10H of SO(10). Including the threshold contributions of SU(5) GUT scale
masses of §H = 3[(3, 2, 5/3)+ (3¯, 2,−5/3)] and ignoring the effects of all other super heavy
components for simplicity, we get M5 = 10
15.26±0.75 which predicts τpmax = 4.2× 1035 yrs.
for p → e+π0 mode where we have used M5/MSH . In this model the SO(10) superheavy
gauge boson are expected to make still larger threshold corrections [49, 50].
10 Lepton flavor and lepton number violations in SU(5)× U˜(1) path
We write the Yukawa part of the Lagrangian
LY = L(1)Y + L(2)Y ,
L(1)Y = Y1010F 10F 5H + Y510F 5F 5∗H + Y15F 1F 5H + YS10F 1S10∗H + µS1S1S + h.c.,
L(2)Y = Y5010F 10F 50H + h.c. (10.1)
This Lagrangian gives MD =M
T
u , Md =M
T
d and an arbitrary electron mass matrix Me at
the GUT scale. The fourth term in the r.h.s. of the second equation gives N − S mixing
term (M) and the RH neutrino matrix MN = Y50 〈50H〉. Then the full neutrino mass
matrix in the (ν, S,NC) basis can be written as given in eq. (6.1). It is well known that
in the limit MN → 0 the heavy RH neutrino masses in this case form a pseudo-Dirac pair
with MR = −M ± µS/2 and the light neutrino mass matrix is given by the gauged inverse
seesaw formula as given in eq. (6.3). In the framework of extended seesaw mechanism, the
hierarchy among the elements of eq. (6.1) to achieve inverse seesaw after cancellation of
type-I seesaw requires µS ,MD ≪M ≪MN and O(µSMN ) < O(M2).
10.1 Estimating MD and ν − S mixing matrix M
The Yukawa couplings at the GUT scale would not be very different form what we estimate
in SM scenario. This is because the only difference appearing in the RGE equations of
flipped SU(5) is due to weaker couplings g′1 and g˜1, and a mild correction due to additional
Yukawa terms. In the presence of other free parameters a precise MD is not necessary.
The Yukawa Lagrangian, as given in eq. (10.1), constrains the fermion masses such





The down-quark mass matrix arising from a symmetric term 10f10F 5H is Md =M
T
d . The
matrixMd being a complex symmetric matrix is diagonalized by a single unitary matrix Ld
withMd = LdMˆdL
T
d where Mˆd is a diagonal matrix. We also note that electron mass matrix
Me and the N − S mixing matrix M arising from 5¯F 1F 5H and 10F 1S10∗H , respectively,
are arbitrary. Similarly µS and MN are complex symmetric matrices arising from 1S1S
and 10F 10F 50H , respectively. An arbitrary complex matrix (say A) is diagonalized using
bi-unitary transformation A = LAAˆR
†
A. Within the SM we never require information of
right unitary matrices and hermitian structures YAY
†
A for A = u, d, e is diagonalized by
only one unitary matrix. The CKM matrix is defined as VCKM = L
†
uLd. Throughout the

















the theories beyond the standard model we, sometimes, require the information of right
diagonalizing matrices too, but, we do not have any mechanism to do that.
Though we can estimate Mˆd, Mˆu and VCKM, the matrix Mu is ambiguous. The LFV
and LNV depend on MD matrix, therefore the choice of Mu is crucial. For simplicity we
assume Mu(MGUT) to be hermitian. We either choose Md(MZ) = Mˆd(MZ) (Case-A) or
Mu(MZ) = Mˆu(MZ) (Case-B). Also since MD does not evolve much we assume for all
practical purposes that MD(MSS) ≃MD(MGUT). The Dirac mass matrix for Case-A is
MD =

 0.0175 −0.0736 + 0.0098i 0.5844− 0.2295i−0.0736− 0.0098i 0.3354 −2.929− 0.0532i
0.5844 + 0.2295i −2.929 + 0.0532i 72.0526

GeV, (10.2)
and for Case-B, it is
MD =

 0.00046668 (−1.02− 1.04i)× 10
−9 (−2.93− 7.56i)× 10−6
(−1.02 + 1.04i)× 10−9 0.22746 −9.567× 10−5




Irrespective of the scale of MN , if the condition µSMN ≪ M2 is satisfied and if
µS < MD ≪ M is maintained, the neutrino masses and mixings are expressed by the
eq. (6.3). For simplicity, we assume diagonal M and MN matrices at the seesaw scale.
10.2 Lepton flavor violation and neutrinoless double beta decay
The branching ratios can be estimated using eq. (7.1). For N − S mixing matrix M =
diag(100, 500, 1000)GeV and heavy Majorana mass matrixMN =diag(500, 2000, 5000)GeV
in Case-A we have estimated the branching ratios
Br(µ→ eγ) = 9.6× 10−16,
Br(τ → eγ) = 1.0× 10−13,
Br(τ → µγ) = 2.2× 10−12, (10.4)
while in Case-B they are
Br(µ→ eγ) = 7.8× 10−33,
Br(τ → eγ) = 1.7× 10−23,
Br(τ → µγ) = 2.4× 10−21. (10.5)
The Dirac mass matrix in Case-B is almost diagonal and (MD)11 in this case is almost 40
times smaller than (MD)11 in Case-A. Therefore, LFV branching ratio as well as neutrino-
less double beta decay (for the above M matrix) in Case-B will be much smaller compared
to Case-A. In the absence MN and for the same M as above, the two cases give:
Case-A
Br(µ→ eγ) = 2.7× 10−15,
Br(τ → eγ) = 2.8× 10−13,

















































Figure 17. The effective mass parameter vs lightest neutrino mass in the flipped SU(5) path
with TeV scale Z ′ boson with |p| ≃ 190MeV. and for MN = diag(500, 2000, 5000)GeV and M =
diag(M1, 500, 1000)GeV while µS ,MD ≪ M < MN . In the left panel dashed lines correspond to
NH-standard + sterile contribution, and in the right panel they correspond to IH-standard + sterile
contribution.
Case-B
Br(µ→ eγ) = 2.4× 10−34,
Br(τ → eγ) = 4.4× 10−23,
Br(τ → µγ) = 6.3× 10−21. (10.7)
which are not very different from the case in which MN (≫M) was present.
For the Case-A, the 0νββ-decay effective masses are shown in figure 17, where solid
curves correspond to standard contribution by active neutrinos for the best fit values of
oscillation parameters. The dashed curves correspond to the standard + sterile contri-
butions. Dips in the dashed curves are due to cancellation among standard and sterile
contributions. The scalar 50H is necessary to get a new contribution to 0νββ-decay be-
yond the standard one. In absence of MN while heavy neutrinos acquire pseudo-Dirac
masses, the new 0νββ-decay contributions are absent.
The new 0νββ-decay contributions in Case-B can be made significant for a different
choice of M and MN matrices. For simplicity we still assume them to be diagonal. Using
the non-unitarity constraints on the diagonal elements, η11, η22 and η33, we find that
M = diag(0.0075, 5.75, 992)GeV is permissible. For this choice of M we estimate 0νββ-
decay effective masses for two choices of MN : MN ≪M and MN ≫M .
For various choices ofMN the effective masses are estimated and presented in figure 18.
For M = diag(0.0075, 5.75, 992)GeV and MN = diag(1000, 2000, 2000)GeV, we get sterile
neutrino masses MˆS = (55× 10−9, 16.56× 10−3, 410)GeV, and heavy RH neutrino masses


















































Figure 18. The effective mass as a function of lightest neutrino mass. The matrix M =
diag(0.0075, 5.75, 992)GeV. For the left panel we have taken MN = ω1 and for the right panel
(MN 2,MN 3) ≫ (M2,M3). Only MN 1 affects the effective mass. The exchange momentum
|p| ≃ 190MeV.
11 Summary and discussions
We have implemented extended seesaw mechanism in a class of SO(10) models contain-
ing one additional fermion singlet (S) per generation leading to TeV scale Z ′ boson and
heavy RH Majorana neutrino (N) masses. Our investigations carried out in this work are
broadly divided into two categories: (a) SO(10) breaking along the Pati-Salam path and
(b) SO(10) breaking along the flipped SU(5) × U˜(1) path. Under the category (a) the
Z ′ boson is generated via U(1)R × U(1)B−L gauge symmetry breaking through the Higgs
representation 126H while the N − S mixing matrix M is generated through the VEV of
RH doublet Higgs contained in 16H . In spite of the presence of the TeV scale RH neutrino
mass matrix MN , and naturally dominant Dirac neutrino mass matrix (MD) in the model,
the would-be large contribution due to type-I seesaw cancels out. The type-II seesaw con-
tribution is damped out because of large parity violating scale and the TeV scale B − L
breaking. The formula for light left-handed neutrino masses and mixings are adequately
well represented by the gauged inverse seesaw formula . The Dirac neutrino mass matrix
MD that plays a crucial role in the inverse seesaw formula, non-unitarity effects and pre-
dictions of LFV decays and 0νββ decay is obtained by fitting the charged fermion masses
and CKM mixings at the GUT scale for which the induced VEV of ξ(2, 2, 15) ⊂ 126H is
utilized in addition to two separate Higgs doublets originating from 10H(1,2) . The roles
of two different types of SO(10) structures corresponding to the presence of (i) a single
representation 126H leading to a diagonal structure of RH neutrino mass matrix, or (ii)
two representations 126H and 126
′
H leading to a general structure of RH neutrino mass
matrix, are discussed with their respective impact on the phenomenology of observable
n − n¯ oscillation. While the dominant new contribution to 0ν2β decay in the WL −WL
channel due to sterile neutrino exchanges, saturates the current experimental limits arrived
at various experimental groups, the branching ratios for LFV decays, and rare kaon decays

















analysis, we have derived the lower bound on the lepto-quark gage boson mass mediating
rare kaon decays to be MLQ ≥ (1.54 ± 0.06) × 106GeV which is easily accommodated in
the GUT scenario. The unification constraint on gauge couplings of the SO(10) model is
found to permit diquark Higgs scalar masses extending from ∼ (10-100) TeV leading to
observable n− n¯ oscillation while satisfying flavor physics constraints [115] saturating the
lepto-quark gauge boson mass bound. These suggest that the model is also simultaneously
consistent with observable rare kaon decay by ongoing search experiments.
Compared to the recent interesting proposal of refs. [29–31], although successful gener-
ation of baryon asymmetry of the universe has not been implemented so far in this model,
we have one extra gauge boson accessible to LHC. Likewise, in our model the lepto-quark
gauge boson mediated KL → µe¯ is also accessible to ongoing search experiments. Whereas
the new B − L violating proton decay is predicted to be accessible in refs. [29–31], in our
case it is B−L conserving proton decay p→ e+π0. Whereas the type-I seesaw mechanism
associated with high B − L breaking scale is generally inaccessible to direct experimental
tests, in our case the TeV-scale gauged inverse seesaw is directly verifiable. In the minimal
model the predicted values of the RH neutrino masses are also accessible for verification
at LHC.
Even though the model is non-supersymmetric, it predicts similar branching ratios as
in SUSY models for LFV processes like µ → eγ, τ → µγ, and τ → eγ. Even for the
Dirac phase δ = 0, π, 2π of the PMNS matrix, the model predicts the leptonic CP-violation
parameter J ≃ 10−5 due to non-unitarity effects. We have explicitly derived a new formula
for the half life of 0νββ decay as a function of the sterile neutrino masses in the model and
derived the lower bound MˆS1 ≥ 18 ± 2.9GeV imposed by the current experimental limits
on the half life. In this model the lifetime corresponding to Heidelberg Moscow experiment
does not necessarily require the light neutrinos to be quasi-degenerate.
The predicted proton-lifetime in the minimal model is found to be τp(p → e+π0) ≃
5.05×1035±1.0±0.34yrs where the first (second) uncertainty is due to GUT-threshold effects
(experimental errors). This lifetime is accessible to ongoing and planned experiments. We
have noted significant reduction of the predicted lifetime, bringing the central value much
closer to the current Super K. limit with τp(p → e+π0) = 1.1 × 1034yrs − 5.05 × 1035 yrs
when the effect of a lighter bi-triplet Higgs contained in the representation 54H ⊂ SO(10)
is included. We conclude that even though the model does not have low-mass RH W±R
bosons in the accessible range of LHC, it is associated with interesting signatures on lepton
flavor, lepton number and baryon number violations, and rare kaon decays along with the
LHC accessible Z ′ boson.
Under the category (b) the TeV -scale Z ′ boson is generated via spontaneous symmetry
breaking of the subgroup U(1)′ × U˜(1) → U(1)Y . For the first time we have successfully
unified the two gauge couplings of SU(5)× U˜(1) into the SO(10) gauge coupling at M10 =
1016.6GeV. The three gauge couplings of SU(3)C×SU(2)L×U(1)′ in this case unify into the
SU(5) gauge coupling at M5 = 10
15.26GeV. Including small threshold effects the predicted
proton lifetime is easily accessible to ongoing searches in this model. Although this model
does not predict observable n− n¯ oscillation or rare kaon decays, it predicts a rich structure

















in the case of the symmetry breaking through the Pati-Salam route, saturation of the
expetrimental data on effective mass parameter or half-life for 0νββ decay in this case also
does not require the light neutrinos to be quasi-degenerate.
A Formulas for threshold effects
A.1 Estimation of experimental and GUT-threshold uncertainties on the uni-
fication scale
A.1.1 Analytic formulas
In contrast to other intermediate gauge symmetries, SO(10) model with G224D intermediate
symmetry was noted to have the remarkable property that GUT threshold corrections
arising out of superheavy masses or higher dimensional operators identically vanish on
sin2 θW or the G224D breaking scale [53, 54, 57, 59]. We show how this property can be
ensured in this model with precision gauge coupling unification while predicting vanishing
GUT-threshold corrections on MP , analytically, but with non-vanishing finite corrections
on MGUT . We derive the corresponding GUT threshold effects in SO(10) model with
three intermediate symmetry breaking steps, G224D, G224, and G2113 between the GUT
and the standard model whereas the uncertainties in the mass scales has been discussed






















i, and ai are, respectively, the one-loop beta coefficients for the gauge group
G2L2R4CD, G2L2R4C , G2L1R1B−L3C , and GSM ≡ G2L1Y 3C .
Following the formalism used in refs. [58, 59], one can write the expressions for two































A0 = (8a3C − 3a2L − 5aY )−
(





8a′3C − 3a′2L − 3a′1R − 2a′B−L
)− (6a′′4C − 3a′′2L − 3a′′2R) ,
AP =
(
6a′′4C − 3a′′2L − 3a′′2R






















































B0 = (5a2L − 5aY )−
(





5a′2L − 3a′1R − 2a′B−L
)− (5a′′2L − 3a′′2R − 2a′′4C) ,
BP =
(
5a′′2L − 3a′′2R − 2a′′4C













It is well known that threshold effects at intermediate scales are likely to introduce
discontinuities in the gauge couplings thereby destroying possibilities of precision unifica-
tion. This fact has led us to restrict the model with vanishing intermediate scale threshold
corrections by assuming relevant sub-multiplets to have masses exactly equal to their re-
spective intermediate scales which is applicable to the intermediate scales M0R, M
+
R , and
MC in the present work.




, and C1 = 16π α−1em
(
sin2 θW − 38
)
, one can rewrite










































− fUθ . (A.5)
















BUAP −AUBP . (A.7)
In this present work, we derive two types of uncertainties in the mass scales of SO(10)
model; i.e, the first one comes from low energy parameters taken from their experimental
errors and another one arising from the threshold corrections accounting the theoretical
uncertainties in the mass scales due to heavy Higgs fields present at GUT scale. These two
categories are presented below:
A.1.2 Uncertainties due to experimental errors in sin2 θW and αs
In eqs. (A.4) and (A.5) the low energy parameters are contained in C0 and C1. As a































]AP − [− (16π)α2s (δαs)
]
BP





















BUAP −AUBP , (A.9)
where, the errors in the experimental values on electroweak mixing angle sin2 θW and
strong coupling constant αs as sin
2 θW = 0.23102 ∓ 0.00005, αs = 0.118 ± 0.003 giving
δαs = ±0.003 and δ sin2 θW = ∓0.00005.
A.1.3 Uncertainties in MU with vanishing correction on MP
In the present work, we have considered minimal set of Higgs fields belonging to a larger
SO(10) Higgs representation implying other Higgs fields which do not take part in symmetry
breaking will automatically present at GUT scale. Since we can not determine the masses
of these heavy Higgs bosons and, hence, they introduce uncertainty in other mass scalesMP
and MU via renormalization group equations leading to GUT threshold uncertainty in our
predictions for proton life time. For this particular model, the GUT threshold corrections
































) = 0 . (A.11)
The last step resulting in vanishing GUT-threshold correction analytically follows by
using expressions for fUM , f
U
θ , BU and AU derived in sub-sub section A.1.1. This was proved
in ref. [57].
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Group GI Higgs content ai bij
G1Y 2L3C Φ(
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2 , 2, 1)10 ⊕ Φ2(0,−12 , 2, 1)10′
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Φ1(2, 2, 1)10 ⊕ Φ2(2, 2, 1)10′

















Φ1(2, 2, 1)10 ⊕ Φ2(2, 2, 1)10′
∆L(3, 1, 10)126 ⊕∆R(1, 3, 10)126
χL(2, 1, 4)16 ⊕ χR(1, 2, 4)16
















Table 6. One and two loop beta coefficients for different gauge coupling evolutions described in
text taking the second Higgs doublet at µ ≥ 5TeV.
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